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Carbon is known to be the most effective dopant for magnesium diboride, MgB2, especially for enhancing high-field
electrical properties. Carbon increases the impurity scattering rate, and this, combined with the two-band nature of
MgB2, raises the upper critical field and thereby the high-field critical current. In addition, microscopic analysis has
shown that carbon doping induces crystalline imperfections as the origin of impurity scattering. Herein, further detailed
transmission electron microscopy analysis has been applied to find more clues for understanding the role of carbon.
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Magnesium diboride, MgB2, has been regarded as a very
promising candidate for alternatively commercial super-
conducting materials (Nagamatsu et al. 2001). Together
with its simple crystalline structure and low material
cost, the transition temperature around 40 K enabling a
cryogen-free operation is definitely attractive for engin-
eering applications (Patel et al. 2014). Even if MgB2 has
many advantages, it still has drawbacks in terms of
material synthesis. For example, two key precursors
such as magnesium and boron are very sensitive to
air, especially oxygen, resulting in MgO and B2O3 as
impurity phases (Kim et al. 2007). In addition, a large
difference in the melting temperature between the
two precursors makes MgB2 a complicated reaction
(Hata et al. 2013).
For making a wire/tape conductor, a normal ‘in situ’
process has been applied with a specific dopant, i.e., car-
bon. The introduction of carbon dopant for impurity
scattering is to increase the upper critical field and
thereby enhance the high-field critical current density.
When carbon substitutes boron sites of the MgB2 struc-
ture, shrinkage of the a-axis parameter occurs (Kazakov
et al. 2005; Kortus et al. 2005). There can be a decrease
in the density of state (DOS) and hardening of the op-
tical E2g phonons which is known to be strongly related* Correspondence: sychoi07@kbsi.re.kr
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2007). According to our previous report (Kim et al.
2012), however, the studies employing microscopic tools
such as scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS) did
not show direct evidence on how boron sites are replaced
by carbon. The main reason is the limitation (<1 at.%
carbon) of the EELS resolution. A recent work on the
STEM observation of a MgB2 specimen sintered at a low
temperature (650°C) and short sintering time (<1 h) still
remains unclear because the majority of carbon was found
to be mainly located at the grain boundaries (Susner et al.
2014). In this work, as an extension of our previous work,
detailed structural analysis and microstructure observa-
tions have been further carried out with an electrical
current carrying property of a MgB2 superconductor.
The chemical solution process via a carbohydrate has
become popular and advantageous in terms of both cost
and performance (Kim et al. 2012). For this study, MgB2
was fabricated by the in situ powder-in-tube process (Jin
et al. 2011). After dissolving 10 wt.% malic acid (C4H6O5,
99.0%) in toluene (C7H8, 99.5%), the solution was mixed
with an appropriate amount of boron (B, 99.9%) powder in
a Spex mill (Spex Industries Inc., Metuchen, NJ, USA) for
10 min (100 rpm). The slurry was dried at 150°C in a dry
oven to form a coating around boron powder particles
(that is, carbon encapsulated boron). This uniform com-
posite was then mixed with magnesium (Mg, 99%) powder
and mixed in a Fritsch planetary mill (Fritsch, Idar-
Oberstein, Germany; 500 rpm) for 10 min. The mixedan Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
Figure 1 The critical current density and upper critical field of
MgB2 wire. (a) Field dependence of the critical current density for
the malic acid-doped sample at various temperatures. (b) Temperature
dependence of the upper critical field extracted from the percolation
model analysis. In (a), solid symbols are experimental data from the
standard four-probe method using the electric field criterion of 1 μV/
cm. Lines are calculated by the percolation model. In (b), lines are
calculated by the two-band dirty-limit theory.
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The outer and inner diameters of the Fe tube were 10 and
8 mm, respectively. The packed tube was drawn till the
final outer diameter became 0.83 mm. The fabricated wires
were sintered at 650°C for 30 min under high-purity argon
gas with a ramp rate of 5°C min−1.
For microstructures, we used a JEOL Cs-corrected
dedicated scanning transmission electron microscope
(STEM; JEM-2500SES, JEOL Ltd. Tokyo Japan) equipped
with a Gatan 766 EELS spectrometer (Enfina 1000, Gatan,
Inc., Pleasanton, CA, USA). The specimens for trans-
mission electron microscopy (TEM) observation were
prepared by a wedge polishing method and then ion-milled
with a low accelerating voltage (0.1 keV). High-angle
annular dark-field (HAADF) images were obtained with
a beam size of about 1 Å at the condition of the HAADF
detector inner cutoff angle in 113 mrad. In addition,
high-resolution TEM observation was conducted in a
JEOL 300-keV field emission transmission electron micro-
scope (FE-TEM, JEM-3000F).
The field and temperature dependences of the critical
current density for the malic acid-doped sample are
shown in Figure 1a. Transport current up to 400 A was
measured by the standard four-probe method with a
criterion of 1 μV cm−1. The temperature dependence
was also studied by a variable temperature insert (VTI)
system. The critical current density of the malic acid-
doped wire was estimated to be 105 A cm−2 at 6 T and
4.2 K, which is comparable to the critical current density
of commercial Nb-Ti wires under the same condition
(Kim et al. 2012). Even at higher temperature (20 K), the
critical current density in the malic acid-doped MgB2
wire also exceeds 104 A cm−2 at 5 T. These critical
current density values are the highest record published
so far for an in situ processed wire. The measured crit-
ical temperature for the doped wire was estimated to be
34 K. It should be noted that the critical currents of the
doped sample can be described by the percolation model
(Kim et al. 2011; Maeda et al. 2013). All the fitting lines
in Figure 1a were calculated from the percolation theory
and are in good agreement with the measured data. The
field dependence of the critical current density can be








where p(J) is the fraction of grains with a critical current
density above J and Pc is the percolation threshold, the
minimum fraction required for a superconducting current
flow. The critical current of each grain is calculated with a
grain boundary pinning model: J c ¼ Fm⋅ 1−B=Bc2ð Þ2=ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Bc2B
p
, where Fm is the pinning force maximum. The
upper critical field, Bc2, has an angular dependence, whichcan be described by Bc2 θð Þ ¼ Babc2=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γ2 cos2 θð Þ þ sin2 θð Þ
p
,
from the anisotropic Ginzburg-Landau theory. Here, only
four fitting parameters - the upper critical field (Bc2), the
anisotropy parameter (γ), the pinning force maximum
(Fm), and the percolation threshold (Pc) - are needed to
describe the field dependence of the critical current for
each temperature. We previously reported that for poly-
crystalline wire samples, the percolation threshold, Pc, is
usually 0.26 (Shahabuddin et al. 2014a; Kim et al. 2011).
In Figure 1b, there is a clear upward curvature in the
temperature dependence of the upper critical field paral-
lel to the ab-plane, Babc2 . The positive curvature is usually
related to the two-band nature of MgB2, for example. All
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on the dirty-limit two-gap theory:
2w lnt þ u b=tð Þ½  lnt þ u ηb=tð Þ½  þ λ2 lnt þ u ηb=tð Þ½ 
þλ1 lnt þ u b=tð Þ½  ¼ 0
ð2Þ
where t is the reduced temperature T/Tc and b is defined
as ħHc2Dσ/2ϕ0kBTc, where Dσ is the σ band diffusivity
and ϕ0 is the flux quantum. The function u(x) is defined
as u(x) = ψ(1/2 + x) – ψ(1/2), where ψ(x) is the digamma
function. η is the ratio of the π band to the σ band
diffusivity, Dπ/Dσ. w and λ1,2 can be obtained from the
electron-phonon coupling constant λmn and the Coulomb
pseudo-potential matrix μmn (Gurevich 2003; Shahabuddin
et al. 2014b). The electron-phonon coupling constant and
the Coulomb pseudo-potential can vary with doping. Ac-
cording to a model calculation based on the two-band
Eliashberg theory for MgB2 (Ummarino et al. 2005), the
Coulomb pseudo-potential is a slowly decreasing, almost
linear function as the carbon content increases. Even within
the dirty-limit two-gap theory, interband scattering can
affect the transition temperature and the upper critical field
(Gurevich 2003). A natural question is then how to work
the interband scattering due to carbon doping.
For this purpose, the microstructure observations in a
malic acid-doped MgB2 wire are carried out, as can be
seen in Figure 2. We obviously found that there were
voids, crystalline MgB2, and residual boron precursor.
Oxygen (O) is obviously found, indicating the existence
of MgO. For example, high concentrated O-K andFigure 2 Detailed analysis of superconducting core. STEM image of the
maps (B-K, C-K, O-K, and Mg-K) from the selected area.magnesium (Mg)-K (indicated by a white color) can be
related to the MgO particles (Figure 2). It is noted that
MgO particles are inhomogeneously dispersed. To further
improve the transport critical current of the MgB2 super-
conductor for practical applications, elimination of the
voids, MgO, and residual boron powders is very import-
ant. Interestingly, the residual boron powders appear even
after sintering process. Crystalline MgB2 grains are found
to be blocked by the residual boron powders. It is thus ne-
cessary to look into the residual boron precursor.
A high-angle annular dark-field scanning TEM (HAADF-
STEM) image of the un-reacted boron phase is shown in
Figure 3a. The HAADF-STEM image is obtained with the
atomic number dependant contrast (Z-contrast) method,
where bright areas correspond to the magnesium (Mg)-rich
phase as the atomic number of Mg is higher than any other
constituent elements. Within un-reacted boron, lots of
nanosized Mg-rich bright spots were observed, and a
closer look on these spots reveals that those correspond to
crystalline MgB2. A high-resolution TEM image and its
fast Fourier transform (FFT) pattern, and EELS on both
bright spot and the un-reacted boron matrix are shown in
Figure 3b,c,d, respectively. These nanosized crystalline
MgB2 (<5 nm) seem to be seeds for further grain growth,
and Figure 3a can be regarded as an early stage of MgB2
crystalline phase growth. From the viewpoint of flux
pinning, these MgB2 nanoparticles with a strong crystal-
line phase are well distributed. Such fine particles can act
as strong flux pinning centers. In addition, the nanosized
MgB2 grains assist in providing excellent wetting and
contacting with the coarse MgB2 grain with highlymalic acid-doped MgB2 wire and energy dispersive X-ray (EDX) element
Figure 3 Detailed analysis of un-reacted boron. The region surrounded by residual boron was examined by high-angle annular dark-field scanning
TEM. (a) Many bright spots corresponding to Mg-rich phase were observed, as indicated by arrows. (b, c) Representative high-resolution BF-STEM
image of the Mg-rich nanoparticles and its fast Fourier transform. These Mg-rich nanoparticles were found to be the MgB2 crystalline phase. (d) Within
the nanoparticles, a small Mg-K EELS peak can be observed.
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tion as well, as confirmed by the high critical current
density under the low-field region. Still, we could not
find the carbon element within the MgB2 grain.
Herein, we also need to further look into a boundary
of the MgB2 grain. We observed the low-angle tilted
grain boundary of MgB2 as shown in Figure 4a through
filtered annular dark-field scanning TEM (ADF-STEM).
The crystallographic orientation of grain 1 is slightly tilted
compared to that of grain 2. The angle between twoFigure 4 Detailed analysis of the grain boundary. (a) Filtered ADF-STEM
structure at the boundary. (b) Atomistic description of the selected area in (a)grains was estimated to be 5°. The schematic image of
the selected grain boundary area is shown in Figure 4b.
It is well known that the low-angle tilted grain boundary
is the structure of repeated edge dislocations. Edge dis-
location was also found in the MgB2 grain boundary. It is
interesting that edge dislocation is formed in the boron
(B) plane similar to that within a grain. Some boundary is
composed with two magnesium (Mg) planes which are
denoted in Figure 4b. The Mg-Mg boundary is formed
under the boron extra half plane. In particular, missing Bimage of 5° titled MgB2 boundary, showing the edge dislocation
. The Mg-Mg boundary is observed under only boron extra half plane.
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observed in our previous work (Kim et al. 2012). Detailed
microscopic analysis has shown that B vacancies generate
intrinsic stacking faults within the MgB2 grains, together
with associated lattice distortion. Hence, it affects im-
purity scattering and, thereby, enhances the upper critical
field. Therefore, we conclude that carbon ‘doping’ can
maximize crystalline imperfection and enhances the super-
conducting properties.
Conclusions
Our detailed microscopic analyses can be summarized
into the following consistent picture on the effect of homo-
geneous carbon doping during the wire heat treatment
process: Magnesium vapor permeates into carbon-shielded
boron and forms nanocrystalline MgB2 seeds. As these
seeds grow further, grains merge together, carbon is
extruded outside MgB2 phases, and a small amount of
remaining carbon causes lots of defects. Carbon also
prevents boron agglomeration, resulting in a dense wire
core. Already, the critical current density at low field is
comparable to Nb-Ti, and we expect that further optim-
ization can lead the un-reacted boron phase into a fully
reacted MgB2 phase while maintaining its small grain size
and a drastic increase in the critical current density far
beyond Nb-Ti can be realized.
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